INTRODUCTION
Although the potential toxic consequences of prolonged hyperoxic therapy are appreciated by most clinicians, there are many situations in which such treatment is mandatory, particularly in the treatment of the neonate. Circumvention of the toxic effects of oxygen on the lung may be possible if the mechanism of oxygen-induced pulmonary damage were elucidated. One theory of the mechanism of oxygen-induced pulmonary toxicity, advanced by Gerschman in the early 1960's, has received recent experimental support (1) (2) (3) . This is the so-called "free radical theory" of 02 toxicitY which attributes the damaging effects of hyperoxia to the various highly reactive metabolites of molecular O., which John Yam is a Proctor and Gamble predoctoral fellow.
Received for publicationi 13 JUtne 1977 antd in revised form 30 September 1977. are formed in the cell during the course of many biological reactions (1) (2) (3) . Under conditions of hyperoxia, the generation of these cytotoxic products of 02 is believed to increase markedly (4) . Many laboratories, including our own, have reported on the probable importance of the pulmonary antioxidant enzyme systems including superoxide dismutase (SOD),' the glutathione system, and catalase, in protecting the cells of the lung from oxygen-free radical injury (5) (6) (7) (8) (9) .
In immature animals, there is a rapid increase in pulmonary SOD activity on exposure to hyperoxia, whereas in the lungs of adult animals this rapid protective enzyme response with similar exposure to toxic levels of 02 does not occur (7) (8) (9) . The increase in the lung complement of this protective enzyme and the increase in activity of other cooperative antioxidant systems in the lung (glutathione, glutathione peroxidase, glutathione reductase, catalase) has been postulated as a possible explanation for the well-known tolerance of the immature animal to hyperoxic challenge compared to the adult animal (8, 9) .
During the course of studies involving long-term hyperoxic exposure of adult rats, it was observed that a group of adult animals who had received injections of a commercial blood product (Plasmanate, Cutter Laboratories, Inc., Berkeley, Calif.) all survived a usually lethal 72 h exposure to 96-98% 02 without signs or symptoms of respiratory distress or lung pathology. It was later discovered that the Plasmanate used had been inadvertently contaminated in our laboratory with bacteria (Staphylococcus epidermidis and two Pseudomonas species).2 These 'Abbreviationis used in thtis paper: CP, contaminated Plasmanate; CP filtrate, CP after passage through Millipore filter to remove bacteria; SOD, superoxide dismutase. 2 The original bottle of contaminated Plasmanate which initiated these investigations was contaminated in our laboratory. Repeated Exposures to 21% and 96-98% 02 were conducted under carefully monitored conditions as described in detail (7, 8) . For the initial experiments, adult rats were treated with i.p. injections at times 0 (2.0 cm3), 24 h (1.5 cm3), and 48 h (1.5 cm3) into the exposure period, and sacrificed at the end of 72 h. At the end of the 72 h exposure period, all the rats were observed in room air for 1-2 h to assess the degree of respiratory distress and cyanosis out of the 96-98% 02 environment. The survival totals for each treatment group were recorded at the end of this air challenge period and the survivors were sacrificed by decapitation. The lungs were perfused via the pulmonary artery with ice-cold isotonic buffer (potassium phosphate 0.1 M, KCI 0.15 M, pH 7.4), and were then homogenized for 2 min, in the cold, in a Sorvall Omnimixer (Sorvall, Ivan, Inc., Norwalk, Conn.) with a 10:1 (vol:W) solution of potassium phosphate buffer, 0.005 M, pH 7.8, for the homogenization. The homogenates were assayed immediately after preparation for SOD activity by the standard ferricytochrome c assay (5) . Lung glutathione peroxidase activity (using cumene peroxide as substrate) and Cat activity were determined on 15,000 g homogenized supernate according to the methods described by Paglia and Valentine (10) , and by Holmes and Masters (11), respectively. DNA analysis was done according to the method of Richards (12) . Lung enzyme activities were expressed on a per lung basis as percent of control (air-exposed) lung values.
Supplies of CP were maintained by aseptically transferring by syringe 0.25 cm3 of the contents of the original contaminated bottle of solution to fresh (250 cm3) bottles of Plasmanate, and allowing these inoculated bottles to incubate at room temperature for 2 wk or more before use. Microbiological studies were performed by the Medical Microbiology Laboratory, The University of Iowa Hospitals and Clinics. All filtrates obtained by Millipore filtration ofthe CP (CP filtrates) were checked by routine culture procedures and found to be bacteria-free.
The presence of endotoxin in the CP and CP filtrates was tested for by the lead acetate assay in rats (13) , the epinephrine skin test in rabbits (14) , anid the rabbit pyrogeni assay (15) . For all these bioassays, 0.25 cm3 of CP filtrate was injected as the test solution and 0.25 cm3 of fresh Plasmanate used for the control injections. The limulus amoebocyte lysate assay (E-Toxate, Sigma Chemical Co.) was also used for purposes of (quanlitating the amount of endotoxin present in the various injection soltutions (16) . The tissue for pathological study was obtained from air and 02-exposed animals immediately after sacrifice. Lung fixation was done using 10% buffered formalin solution instilled via tracheal cannula from a reservoir bottle of fixative elevated 25 cm above the level of the lung. The lungs were also perfused with the same fixative via the pulmonary artery. Hematoxylin and eosin were used for staining. The number of alveolarfree mononuclear cells and macrophages were determined on randomly selected and coded slides using high dry power (x450) and oil immersion (x 1,000). 10 high power fields per slide were randomly selected with the criteria being that the microscopic field encompassed by the counting grid show nonatalectatic alveoli and no large blood vessels. Erythrocytes and polymorphonuclear cells were not counted. We chose to conservatively label cells as "macrophages" when they met all the morphological criteria suggested in the text and illustrations of Myrvik et al. (17) .
Statistical analyses were done using the Student's group t test and the nonparametric Fisher exact probability test utilizing a significant level of P < 0.01.
RESULTS
The survival data for all the adult rats exposed to 96-98% 02 for a 72 h period are shown in Fig. 1 . A total of 153 adult rats were used in these experiments as controls to determine the normal tolerance of these animals to hyperoxia. 47 rats (31%) survived the 3 day exposure and all but three of these survivors were observed to be in marked respiratory distress ( Survival totals for all the CP-treated groups compared to the 02 controls were significantly different (P < 0.01).
Histologically, the lungs of the control O2-exposed rats showed scattered areas of hemorrhage and alveolar, interstitial, and perivascular edema. There was generalized thickening of the alveolar septa due to edema and hypercellularity, and the alveoli contained debris, many free mononuclear cells and macrophages, and occasional polymorphonuclear cells. The lungs of the CP-treated 02-exposed rats did not show the marked edema and hemorrhage observed in the 02 controls. Instead, only focal areas of thickened alveolar septa were observed, representing minimal focal edema or hypercellularity. Some of the lungs examined had rare small areas of alveolar hemorrhage. The thin, lace-like alveolar pattern seen in the normal airexposed lungs was essentially maintained in the CPtreated O2-exposed rats. The number of alveolar-free mononuclear cells observed in the 02-exposed CPtreated rat lungs (36+2 cells/10 random high power fields per slide) was no different than in the air control lungs (33+3), and significantly less (P < 0.01) than the number of cells consistently observed in the untreated 02 control rat lungs (86+ 11). For alveolar-free cells meeting all the morphological criteria for macrophages, the respective number of cells counted/ 10 high power fields per slide were 13+1 (air-control), 14±1 (02, CP-treated), and 32±4 (02 control) (P < 0.01). There was no histological evidence by gram stain of bacterial infection in the lungs of the CPtreated or control rats. Lung weight/body weight ratios of the experimental rats were calculated as another index of the degree of pulmonary edema resulting from hyperoxic exposure. The air controls had a mean ratio of 0.47+0.01%, the control 02 rats a mean ratio of 0.78±0.02% (167% of the air control value), and the CP-treated O2-exposed rats a mean ratio of 0.60+0.02% (129% of the air control value). These ratios were all statistically different from one anotlher (P <0.01). Thus, by this parameter, the CP-treated O2-exposed rats did have evidence of increased lung weight even though edema was not grossl identified. However, if total pulmonary edema is considered as the sum of pleural effusion and lung edema fluid (18, 19) , then the lung weight! body weight ratio for the 02-exposed control rats, with an average pleural fluid volume of 7.0 cm3, would, in fact, be -4.50%, or nearly 1,000% of the air control value. The degree of protection from 02-induced edema formation provided by the CP treatment is thus considerable. Fig. 2 (1 IU is defined as the amount of enzyme which reacts with 1 jamol of H202 per minute. § P < 0.01 compared to both air-control and 0,-control groups.
' ' P < 0.01 compared to air-control group.
marked disparity in SOD activity between the CPtreated and untreated groups when expressed as units per gram lung reflects the large amount of non-SOD-containing serous edema fluid in the 02 control animal lungs.
Results of preliminary studies of glutathione peroxidase and catalase activities in lung tissue from some of the same experimental animals are shown in Table I . CP-treated 02-exposed animals had significant increases in all the antioxidant enzymes in these experiments (P < 0.01), whereas the 02 control rat lungs had a significant increase only in catalase activity.
All the bioassays used to test for the presence of endotoxin in the CP and CP filtrates gave positive results (Table II) . The limulus amoebocyte lysate assay performed with sequential dilutions of CP filtrate and known concentrations of commercial E. coli endotoxin indicated that the CP filtrate contained the equivalent of _1-5 mg/ml of bacterial endotoxin. Table III shows the survival data from two experiments using treatments with commercially available endotoxins (E. coli 0111:B4 and Salmonella typhimurium) in place of CP. Altogether, 38/39 endotoxintreated rats survived the 72 h hyperoxic exposure compared to 9/19 control adult rats for these two experiments (P <0.01). All the surviving 02 controls had respiratory distress with gross evidence of pulmonary edema with or without hemorrhage. Pulmonary edema was seen in the O2-exposed endotoxin-treated animals only in the lowest endotoxin dose range (2 ,ug/kg per day). Some of the rats who received the highest daily doses of endotoxin (1,900-2,000 ,ug/kg per day) had several areas of hemorrhage > 5 mm in their lungs, suggesting that despite protection from 02 lethality, a toxic dose of endotoxin was approached in these rats. Maximal protection without any suggestion of pulmonary toxicity appeared to be within the endotoxin dosage range of 100-1,000 ,ug/kg per day. Lung SOD activity in the endotoxin-treated rats (calculated on a per lung basis and expressed as percent of air-control activity) was significantly increased (155.4±4.5%) (P < 0.01) compared to the air-control and O2-control (111.4±5.9%) enzyme values. DISCUSSION The results of many recent studies support the hypothesis that increased pulmonary levels of the protective antioxidant enzymes are correlated with increased survival in hyperoxia (6, 9, 20) . These enzyme systems perform the vital function of detoxifying the increased flux of cytotoxic-free radical products of 02 formed during hyperoxic exposure. Adult rats have been repeatedly shown to be intolerant of exposure to 95+% 02 for >72h, manifesting severe and .g/kg per day) and for Salmonella endotoxin (2,000, 1,100, 125, and 1
,ug/kg per day) and dividing this figure by total number of experimental animals receiving the treatment.
t Significantly different from the 02-control (saline) group (P < 0.01). § For endotoxin-treated groups pulmonary edema (fluid in thoracic cavity) was confined to rats in the lowest dosage group (1 ,ug/kg per day).
For endotoxin-treated groups pulmonary hemorrhage was seen only in animals in the lowest dosage group (1 ug/kg per day) and in the highest dosage group (1,900, 2,000 ,ug/kg per day).
frequently fatal lung damage by the end of such a hyperoxic exposure period. In the adult rat, the activities of the pulmonary antioxidant enzyme systems remain essentially unchanged during the time the toxic lung changes in 95+% 02 are occurring (9) . Immature rats, on the other hand, show rapid increases in the protective enzyme activities and a marked tolerance to similar hyperoxic challenge (7) (8) (9) 20) . In the present study we have demonstrated that treatment of adult rats with a plasma protein solution contaminated with bacterial products (CP and CP filtrate) or treatment with purified bacterial lipopolysaccharide (endotoxin) results in a marked change in the susceptibility of adult rats to hyperoxia. Survival after 3 days in 95+% 02 was increased from 33 (56/172) to 97% (110/113) and lung damage in the surviving animals treated with endotoxin was markedly ameliorated. Concomitantly, endotoxin-treated adults demonstrated significantly increased activities of the antioxidant pulmonary enzymes tested, reinforcing the vital role of these antioxidant systems in protection from oxygeninduced lung injury (4) (5) (6) (7) (8) (9) .
In addition to this new finding of an increase in pulmonary protective enzyme activities stimulated by concurrent treatment with hyperoxia plus endotoxin, we can speculate that some of the previously known biological actions of endotoxin might be important in explaining its demonstrated protective effect against high O2-induced lung injury. For example, the fewer alveolar-free mononuclear cells and macrophages observed in the lungs of the endotoxin-treated rats compared to the 02 control lungs (two to threefold difference) was a consistent histological finding in these studies. Although alveolar macrophages are traditionally thought of as repair cells, in the hvperoxic situation it seems feasible to view the macrophage as a potentially harmful influence. High concenitrations of oxidant agents are known to drastically affect the bactericidal capabilities of the macrophage and to allow the release of lysosomal enzymes from the altered macrophage (21) (22) (23) (24) . In addition, recent evidence suggests that cell membrane generated cytotoxic 02-free radicals may also be released (25, 26) . The release of these potentially cytotoxic agents from the macrophages could, in turn, be responsible for further insult to the adjacent alveolar epithelium and to the surface active material lining the alveoli. The reported effects of endotoxin on the reticuloendothelial cell system and on macrophages in particuilar (27, 28) may explain our finding of an apparent decreased number of macrophages in the alveolar spaces, and a reduction of this potential source of lung insult to the hyperoxia-stressed alveolar lining cells.
Considering other possible mechanisms of endotoxiin action, the reported capability of small doses of endotoxin to cause a prolonged vascular hyporeactivity to pressor stimuli (29, 30 ) may serve to reverse or prevent some of the detrimental hemodynamic and perftusion effects known to result from the vasoactive influence of hyperoxia (31) (32) (33) . Endotoxin might also be acting similar to several other specific agents (oleic acid [34] , alpha naphthylthiourea [35] , and diphosgene [36] ), which cause an initial low-grade toxic insult to the lung and result in a prolongation of survival of animals on subsequent exposure to hyperoxia. The mechanism to explain this phenomenon is not known, but the early stimulation of repair processes by replacemeint of certain lung cells (membranous Ty-pe I) with cells more inherently/ resistant to 02 (granular Type II) is a possible explanatioin (37) . Finally, there are several reports which indicate that endotoxin is able to stimulate RNA and DNA svnthesis in certain animial cells (38, 39) , an effect that, if generalized, could oppose the known inhibitory action of hvperoxia on nucleotide synthesis which occurs within 24 h of 0, exposure (40) . Thus, in addition to its observed stimulatory effect on lung antioxidant enzyme activity, the marked protective effect of endotoxin observed in our treated adult rats could involve some or all of these other proposed actions of endotoxin in the lung. Further investigations into these possible mechanisms are being undertaken.
In addition to the protective action of exogenous endotoxin, it would be of great interest to obtain epidemiologic evidence for the role of endogenous endotoxin in affecting the lung toxicity associated Protection from Hyperoxic Lunig Toxicity twith Enidotoxin 2 273
with prolonged 02 therapy in clinical situations in which respiratory insufficiency and gram-negative infection occur concurrently. For example, the incidence of progression of 02-treated hyaline membrane disease to the chronic condition of lung disease in infancy referred to as bronchopulmonary dysplasia, may be altered when gram-negative infection is also present during the period of high 02 treatment for the initial respiratory condition.
In conclusion, treatment of adult rats with an endotoxin-containing solution (CP) and with purified endotoxin has resulted in a marked decrease in their usual susceptibility to hyperoxic lung toxicity, and, concomitantly, a significant increase in the activity of their lung antioxidant enzyme systems. The protection from 02 toxicity afforded by the endotoxin doses employed in these studies may thus be related to the stimulated increase in these lung biochemical defenses and (or) with the hemodynamic, immunologic, and (or) other alterations endotoxin is capable of producing in the animal lung.
